Vapor-liquid equilibria for the HC1-H2O, HCl-H2O-MgCl2 and HCl-H2O-CaCl2 systems were measured under atmospheric pressure. A new method is proposed to correlate the salt effect on vapor-liquid equilibrium for the volatile strong electrolyte-water system, and a comparison between experimental and calculated results is made for the HCl-H2O-salt and HNO3-H2O-salt systems. The new method is confirmed to be useful for correlating the salt effect on aqueous electrolyte solutions.
Vapor-liquid equilibria for the HC1-H2O, HCl-H2O-MgCl2 and HCl-H2O-CaCl2 systems were measured under atmospheric pressure. A new method is proposed to correlate the salt effect on vapor-liquid equilibrium for the volatile strong electrolyte-water system, and a comparison between experimental and calculated results is made for the HCl-H2O-salt and HNO3-H2O-salt systems. The new method is confirmed to be useful for correlating the salt effect on aqueous electrolyte solutions.
Intr oduction
There is growing interest in concentration of dilute aqueous solutions of volatile strong electrolytes. Most of these solutions, such as HC1-H2O, HNO3-H2O
and HI-H2Osystems, have maximumazeotropes so that it is difficult to concentrate the volatile solutes by means of a conventional distillation. Whena salt is added into such systems, it mayact as a separating agent in distillation. This is due to the fact that the concentration of volatile strong electrolyte in the vapor phase increases with salt content. In view of this practical importance in concentrating the volatile strong electrolyte, it is desired to obtain vapor-liquid equilibrium data and to establish an appropriate solution model which can be applied to the ternary systems composed of volatile strong electrolyte, water and salt. Vapor-liquid equilibrium data for these aqueous systems have already been reported3'6'14 '17"19) and some correlations have been made2'8j9) for evaluation of the salt effect. However, the data are limited to the narrow concentration regions of volatile strong electrolyte and salt, and the correlations reported previously often give poor results for systems having a large discrepancy from ideality.
In the present study, the vapor-liquid equilibria for the HC1-H2Oand HCl-H2O-salt systems were meaReceived June 15, 1983 . Correspondence concerning this article should be addressed to T. Sako. VOL 17 NO. 4 1984 sured under atmospheric pressure. Furthermore, a new attempt is madeto correlate the salt effect on the vapor-liquid equilibria for systems having a large discrepancy from ideality.
The applicability of this method is examined for six ternary systems containing HCl-H2O-salt and HNO3-H2O-salt.
1. Experiment
Apparatus and procedure
The Othmer-type equilibrium still shown in Fig. 1 was used to obtain vapor-liquid equilibrium data. The volume of the still was about 500cm3, of which about 350cm3 was occupied by liquid phase, and that of the vapor-phase sampling cell was about 10cm3. The pressure was controlled at 101.3 ±0.07kPa through the buffer tank (50,000 cm3) by manual operation and was measured by a mercury manometer. The equilibrium temperature was measured within ±0.1 K by a thermistor thermometer calibrated by a standard thermometer. After circulation for about 4h, the equilibrium temperature was measured and samples of the liquid and vapor phases were withdrawn from the equilibrium still and the vapor-phase sampling cell to determine the compositions of both phases.
To check the consistency of the experimental apparatus, the vapor-liquid equilibrium for the HNO3-H2Osystem was measured under atmospheric pressure and was in good agreement with the literature data.5) \nr1 =k-b0\nx1 +b1x1 ll2-\-91x1 + 62x{/2 +b2x31'2 +b3x21 (3)
Inr2 =box, +b.xl12 +b2x\12 +b3x2 (4) where b0, blf b2 and b3 are adjustable parameters, 91 = bo-2b3, 02=b1-3b2 and k is given by
The parameters were determined by fitting the experimental data, using the simplex search method coupled with use of Eq. (6) as an objective function.
rexp.
The calculated vapor compositions and boiling points are presented in Table 1 , along with the parameters bQ, bly b2 and b3 in Eqs. (3), (4) and (5).
Vapor-Liquid Equilibria for Volatile Strong Electrolyte (1)-Water (2)-Salt (3) Systems

Experimental results
To investigate the salt effect on a volatile strong electrolyte-water system, vapor-liquid equilibria were measured for the two ternary systems HC1-H2O-MgCl2 and HCl-H2O-CaCl2 under atmospheric pressure. The data for these systems are given in Tables 2  and 3 For the system of interest, there are few data for the dissociation equilibrium constants of the volatile strong electrolytes and, therefore, the correlation method similar to that by applying Henry's law VOL 17 NO. 4 1984 for a molecular solute of volatile weak electrolyte4) cannot be used. Thus an alternative method without the data for dissociation was developed. By considering the change of activity, £, of the moelcule AB caused by adding the salt, the vapor-phase composition at given liquid-phase composition was calculated. Furthermore, the boiling point for a given composition in the liquid phase was calculated by estimating the water activity of the aqueous solution containing electrolytes ABand MBn. 2) Calculation of vapor-phase composition by using £_ In Fig. 4 the solid and dashed lines represent M-y curves for the AB-H2O-MBn and AB-H2Osystems, where My is the molality of ABin the liquid phase when dissociation of ABis not considered; and yt is the mole fraction ofAB in the vapor phase. WhenM1 at point P is equal to that at point Q, f is defined as the ratio of the liquid-phase activity of the molecule AB at P to that at Q. Since the vapor-phase composition at P is equal to that at R, the activity of the molecule AB at P is assumed to be equal to the activity of the molecule AB at R. By using this assumption, £ becomes the ratio of the liquid-phase activity of the molecule AB at R to that at Q on the M-y curve of the binary system. The dissociation equilibrium constant of ABat T[K], K(T), which is required for the calculation of £, is given as follows:
where y±1 is the mean ionic activity coefficient ofAB, and m1+, rax_, mx represent the molality of cation A+, anion B" and molecule AB in solution. In Eq. (8), the activity coefficient of the molecular form of ABis assumed to be unity because of the very low concentration of the molecule. Assuming that m1 + = m1 _ =M1for the AB-H2Obinary system because of the almost perfect dissociation of AB, £ is approximated as follows:
where subscripts Q, R denote the points Q, R in Fig. 4 and superscript 0 indicates salt-free binary system.
From the analogy with volatile weak electrolyte, it is inferred that the dissociation equilibrium constants of volatile strong electrolytes hardly change in a narrow temperature range. Therefore, the first term in Eq. (9), (l/K(T{R))/\/K(TiQ))\ can be assumed to be unity.
Then, Eq. (9) can be reduced to
By taking account of the behavior of the salt in the ternary system, the second expression for £ is in- where superscript s denotes the AB-H2O-MBn system. In Eq. (ll), the decrease in number of ions A+ and B~owing to formation of molecule ABby salt addition is assumed to be negligible in the solution.
The first term, (l/K(T*)/l/K(T°))9 represents the small change of K on account of boiling point elevation by salt addition and can be assumed to be unity. When M1(R) is calculated by Eq. (13), j1(P) for the ternary system can be determined by using M-y data for the AB-H2Obinary system as shown in Fig. 4 . In calculation of M1(R) from Eq. (13) (14) where n and M3represent the valency of the cation Mn+and molality of MBn, respectively.
The value of y+i(R) in the third term can be calculated as follows21}:
where y°$ is the mean ionic activity coefficient of electrolyte ABat the system temperature in an arbitrary reference molality Afjr); p1 is the partial pressure of ABat the temperature of the system in molality Mt; andp{{} is that in molality M{{\ In Eq. (15), the value of px in a given molality of AB and temperature is calculated by the following equation of Antoine type: logp1(kPa)=^(M1)+^^ (16) where the parameters A{MX) and B(M1) are a function of the molality of AB (see Appendix 1).
The value of ys±i(P) can be computed by using Harned's rule,10) which has often been used to describe the mean ionic activity coefficient in concentrated mixed electrolyte solution. Using the rule, the expression for ys±1 is written as follows:
where y°±1 is the meanionic activity coefficient of AB at the same ionic strength and temperature as in the ternary mixture and is also calculated by Eq. (15); 73 is the concentration of MBnexpressed as ionic strength;
and ax is a ternary interaction parameter and is a function of total ionic strength and temperature.
However, oq is assumed to be a function of total ionic strength alone, because the temperature range of interest is not wide and ax is not sensitive to small VOL 17 NO. 4 1984 variation of temperature.
3) Calculation of boiling point The total pressure, n9 over the ternary aqueous solution is expressed as follows:
*=P\ +P\ (18) where p\ is the partial pressure of the volatile strong electrolyte and p\ that of water. Whenthe volatile strong electrolyte in vapor phase is assumed to behave as an ideal gas at the system temperature, p\ is equal to ny1 where yt is calculated in the manner mentioned above. On the other hand, p\ is Pl=al'P2 (19) where a\ is the water activity in the ternary electrolyte solution and p2 the vapor pressure of pure water at the samesystem temperature. For the ternary system, a\ can be calculated from integration of the GibbsDuhemequation when both ys±1 and ys±3 are expressed by Harned's rule.n) However, the two ternary (19) and (20).
Correlated results
The vapor-phase compositions for the AB-H2O-MBMsystem were calculated by using Eqs. (13)- (17) and M-y data for the AB-H2O system. In Eq. (15), the arbitrary molality of the reference state, M{{\ was chosen as 4mol/kg of the volatile strong electrolyte for both the HCl-H2O-salt and HNO3-H2O-salt systems (HCl-H2O-salt system is abbreviated below as HC1 system and HNO3-H2O-salt as HNO3 system). Then y°$ and^r) were 1.138, 1536Pa for the isobaric HC1system under atmo- where c3 and cA were -1.09426 x 10~3 and 6.66934 x 10~5, respectively. 
Tables A-l and A-2.
In Eq. (17), ax is available in the literature for several ternary electrolyte solutions.12) However, most values of ax are reported only to about 5 mol/kg in total ionic strength and so there are no data for this parameter under this experimental condition. For this reason, ax was determined from a few ternary M-y data for every system. The value of at was determined by the following method: (1) obtain M1(R) by using both binary and ternary M-y data as shown in Fig. 4 , and (2) calculate ax from Eqs. (13)- (17) . Furthermore, to compute ax in a wide range of total ionic strength, these values were fitted to the following empirical equation by the least-squares method:
where c0, clf c2 are parameters and It is total ionic strength. The parameters are given in Table 4 .
The boiling points were calculated by using Eqs.
(18)- (20) and (A-l)-(A-3).
The parameters for p2(k) are given in Tables A-l and A-2 , where the parameters for p2(Kci) and J^2(kno3) were not available and therefore the boiling points were not calculated for the HC1-H2O-KC1 and HNO3-H2O-KNO3systems.
The correlated results for these experiments are given in Tables 2 and 3 , and those for six systems including these experiments in Table 5 . 
Conclusion
Experimental data were obtained for the vaporliquid equilibria for the HC1-H2O and HCl-H2O-salt systems under atmospheric pressure. Furthermore, a new method was proposed to correlate the salt effect on vapor-liquid equilibrium for the volatile strong electrolyte-water system and the applicability of the proposed method was examined by comparison with the Hala method for six ternary systems HC1-H2O-salt and HNO3-H2O-salt. The Hala method gives good correlated results for aqueous systems containing monovalent cation of the salt, but it gives poor results for systems containing divalent cation. The proposed method was confirmed to be useful in The parameters are those for the partial pressure of the first component of the system. The parameters are those for the partial pressure of the first componentof the system. providing a good correlation to represent the phase behavior of aqueous systems containing either divalent or monovalent cation. Tables A-l and A-2, respectively. Appendix 2 The reason whyM^was chosen as 4mol/kg is that the literature data15) for dependence on the temperature of y°±1 are available to 4mol/kg for HC1 and this concentration is close to the concentration under the experimental condition.
For an isobaric system y°$ and p^change with boiling point, but the changes of 7 +^and (pjp^)112 were small in the range of temperature of these experiments and so, to simplify, y°$ and p^were assumed to be equal to those at 383.2K for the HC1system and those at 393.2K for the NHO3system. The value of y°$ for HC1at 383.2K was determined by the method suggested by Vega and Vera21); on the other hand, y°$ for HNO3is not available at various temperatures and so was assumed to be equal to yo$ for HC1 at 393.2K. ratio of activity of undissociated strong electrolyte for volatile strong electrolytewater-salt system to that for volatile strong electrolyte-water system total pressure [-] (Subscripts) P,Q,R = position in Fig. 4  1 = volatile strong electrolyte 2 = water 3 = salt + = cation -= anion (Superscripts) 0 = volatile strong electrolyte-water system r = reference state s = volatile strong electrolyte-water-salt system Literature Cited
